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Behavioral/Cognitive

Effect of Alzheimer’s Pathology on Task-Related Brain
Network Reconfiguration in Aging

Kaitlin E. Cassady,1,2 Xi Chen,1,2 Jenna N. Adams,2 Theresa M. Harrison,2 Kailin Zhuang,2 Anne Maass,3

Suzanne Baker,1 and William Jagust1,2
1Molecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, Berkeley, California 94720, 2Helen Wills Neuroscience Institute,
University of California Berkeley, Berkeley, California 94720, and 3German Center for Neurodegenerative Disease, 39120 Magdeburg, Germany

Large-scale brain networks undergo widespread changes with older age and in neurodegenerative diseases such as
Alzheimer’s disease (AD). Research in young adults (YA) suggest that the underlying functional architecture of brain net-
works remains relatively consistent between rest and task states. However, it remains unclear whether the same is true in
aging and to what extent any changes may be related to accumulation of AD pathology such as b-amyloid (Ab) and tau.
Here, we examined age-related differences in functional connectivity (FC) between rest and an object-scene mnemonic dis-
crimination task using fMRI in young and older adults (OA; both females and males). We used an a priori episodic memory
network (EMN) parcellation scheme associated with object and scene processing, that included anterior-temporal regions and
posterior-medial regions. We also used positron emission topography to measure Ab and tau in older adults. The correlation
between rest and task FC (i.e., FC similarity) was reduced in older compared with younger adults. Older adults with lower
FC similarity in EMN had higher levels of tau in the same EMN regions and performed worse during object, but not scene,
trials during the fMRI task. These findings link AD pathology, particularly tau, to a less stable functional architecture in
memory networks. They also suggest that smaller changes in FC organization between rest and task states may facilitate bet-
ter performance in older age. Interpretations are limited by methodological factors related to different acquisition directions
and durations between rest and task scans.
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Significance Statement

The brain’s large-scale network organization is relatively consistent between rest and task states in young adults (YA). We
found that memory networks in older adults (OA) were less correlated between rest and (memory) task states compared with
young adults. Older adults with less correlated brain networks also had higher levels of Alzheimer’s disease (AD) pathology in
the same regions, suggesting that a less stable network architecture may reflect the early evolution of AD. Older adults with
less correlated brain networks also performed worse during the memory task suggesting that more similar network organiza-
tion between rest and task states may facilitate better performance in older age.

Introduction
Functional connectivity (FC), the functionally integrated rela-
tionship between spatially distinct brain regions, reflects the

brain’s large-scale network organization. FC is typically exam-
ined during resting-state (i.e., task-free setting), but it can also be
assessed while participants perform directed tasks. Research in
young adults (YA) suggests that the underlying functional orga-
nization of brain networks remains relatively consistent between
rest and task states (Cole et al., 2014). Furthermore, YA who ex-
hibit relatively smaller changes in FC between rest and task states
across several large-scale networks perform better on a range of
cognitive domains (Schultz and Cole, 2016). Smaller FC changes
between rest and task may reflect optimization for efficient net-
work updates (Bullmore and Sporns, 2012). However, it remains
unclear whether the same is true in aging, and to what extent any
changes in FC organization between rest and task may be related
to age-related cognitive decline. This is an important question
because it raises the possibility that cognitive decline in some
older adults (OA) may be attributed to dynamic changes in brain
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network organization from rest to task demands, rather than
dysfunction during either state alone (Hughes et al., 2020).

Decline in episodic memory is one of the hallmarks of age-
related cognitive decline and is a major risk factor for dementia
(Hedden and Gabrieli, 2004). Before the symptoms of dementia
occur in Alzheimer’s disease (AD), b -amyloid (Ab ) plaques
and neurofibrillary tau tangles begin to appear in the brain. This
process, particularly for tau, starts in the neural systems associ-
ated with episodic memory and tracks closely with cognitive
decline (Nelson et al., 2012). The neural mechanisms underlying
episodic memories combine information about objects/items
and scenes/spatial context. Processing of these two types of infor-
mation rely on distinct neural pathways in the neocortex and
medial temporal lobe that converge in the hippocampus.
Object processing involves an anterior-temporal (AT) system
that includes fusiform gyrus/perirhinal cortex, inferior tempo-
ral gyrus, and amygdala. Scene processing relies on a poste-
rior-medial system (PM) that includes retrosplenial cortex,
precuneus, and parahippocampal cortex (Ranganath and
Ritchey, 2012). Together, these regions work as an integrated
episodic memory network (EMN) to support normal episodic
memory.

Molecular and animal studies indicate that tau pathology
spreads through brain regions via neural connections (de
Calignon et al., 2012; Wu et al., 2016). Consistent with this,
human neuroimaging studies indicate that FC between brain
regions is predictive of the spatial pattern of tau pathology, as
assessed by positron emission tomography (PET; Franzmeier et
al., 2019; Vogel et al., 2020). Previous work by our group found
that EMN in particular has distinct patterns of resting-state FC
with entorhinal cortex subregions, and that such patterns pre-
dict the spatial topography and level of cortical tau deposition
in cognitively normal OA (Adams et al., 2019). We also found
that the modular functional organization of this EMN at rest
was vulnerable to AD pathologies in OA (Cassady et al.,
2021). However, few studies have investigated the relationship
between task-based FC and AD pathology in brain networks,
and to our knowledge, no previous studies have explored
whether changes between rest and task FC in the EMN relate
to the accumulation of AD pathology.

In this study, we first sought to compare resting-state to task-
evoked FC during an object-scene mnemonic discrimination
task to determine whether aging affects the consistency of the
brain’s episodic memory functional architecture during these
two states. We hypothesized that FC between rest and task states
would be less correlated in OA compared with YA. Second, we
tested whether the magnitude of differences in FC between rest
and task states was related to Ab and tau pathology in OA. We
hypothesized that less correlated rest versus task FC in the EMN
would be associated with higher levels of tau pathology. Third,
we tested whether FC differences between rest and task states
were behaviorally relevant. We predicted that less correlated rest
versus task FC would be related to worse task performance.

Materials and Methods
Participants
Young adults (YA; age range 20–35; 13 males, 11 females) and cogni-
tively normal older adults (OA; age range 60–86; 18 males, 31 females)
enrolled in the Berkeley Aging Cohort Study (BACS) participated in this
study. All participants underwent structural and resting state fMRI
(rsfMRI), as well as task-based fMRI while performing an object-scene
mnemonic discrimination task (Berron et al., 2018; Maass et al., 2019).
All OA additionally underwent tau-PET imaging using 18F-Flortaucipir

(FTP), Ab -PET with 11C-Pittsburgh Compound-B (PiB), and a stand-
ard neuropsychological assessment. Inclusion criteria for participants
required a Mini-Mental State Exam (MMSE) score of�25 and neuro-
psychological scores within 1.5 SDs of age, education and sex adjusted
norms. We excluded any participants with a history of significant neuro-
logic disease (e.g., stroke, seizure, or loss of consciousness�10min), or
any medical illness that could affect cognition. We also excluded partici-
pants with a history of substance abuse, depression, and contraindica-
tions to MRI or PET. All study procedures were reviewed and approved
by the Institutional Review Boards of the University of California
Berkeley and Lawrence Berkeley National Laboratory (LBNL). All partic-
ipants provided detailed written consent for their involvement in this
study. Demographic information for each age group is presented in
Table 1.

Functional and structural MRI
3T MRI acquisition
All participants underwent structural and functional MRI which was
acquired on a 3T TIM/Trio scanner (Siemens Medical System, software
version B17A) using a 32-channel head coil. High-resolution whole
brain structural images were acquired using a T1-weighted volumetric
magnetization prepared rapid gradient echo (GE) image (MPRAGE;
voxel size¼ 1 mm isotropic, TR¼ 2300ms, TE¼ 2.98ms, matrix¼
256� 240 � 160, FOV¼ 256� 240 � 160 mm3, sagittal plane, 160 sli-
ces, 5-min acquisition time).

This was followed by a rsfMRI scan that was acquired using T2*-
weighted echoplanar imaging (EPI) with the following parameters:
voxel size¼ 2.6 mm isotropic, TR¼ 1067ms, TE¼ 31.2ms, FA¼ 45,
matrix¼ 80� 80, FOV¼ 210 mm, sagittal plane, 300 volumes, anterior
to posterior phase encoding, ascending acquisition, 5-min acquisition
time. During the rsfMRI scan, participants were instructed to remain
awake with their eyes open and focused on the screen, which displayed
a white asterisk on a black background.

FMRI was then acquired while participants performed an object-
scene mnemonic discrimination task. High-resolution whole-brain
functional data were acquired using T2*-weighted gradient echo (GE)
EPI, with the following parameters: voxel size 1.54 mm isotropic, mul-
tiband acceleration factor 4, TR¼ 2400ms, TE¼ 37ms, flip angle¼ 45,
matrix¼ 138� 138, FOV¼ 212� 212 mm2, interleaved acquisition, 88
slices, PA phase encoding, two 13 min runs. Two gradient echo images
with different echo times were also collected to create a phase map for
distortion correction, with the following parameters: 1.54-mm isotropic
resolution, R-L encoding direction, TR¼ 1000 ms, flip angle¼ 60,
TE1¼ 5.6 ms, TE2¼ 8.06 ms.

1.5T MRI acquisition and processing
Structural MRI data were acquired for standard PET processing at LBNL.
A whole-brain high-resolution T1-weighted volumetric MPRAGE was
acquired on a 1.5T Siemens Magnetome Avanto scanner (Siemens, Inc;
1-mm isotropic voxels, TR¼ 2110ms, TE¼ 3.58ms, FA¼ 15). These
structural MRIs were used for PET coregistration and were segmented
using FreeSurfer v.5.3.0 (http://surfer.nmr.mgh.harvard.edu/) to derive
native space regions of interest (ROIs) for FTP and PiB quantification.

Table 1. Cohort demographics

YA (n¼ 24) OA (n¼ 49)

Age 26.56 4.3 (20–35) 73.76 5.1 (60–86)
Sex (M/F) 13/11 18/31
Education (years) 16.76 2.4 16.76 1.8
MMSE 29.46 0.81 28.56 1.2
APOE «4 (C/NC) N/A 16/33
Global PiB DVR N/A 1.156 0.22 (0.97–1.89)
EMN FTP SUVR N/A 1.26 0.13 (0.96–1.6)
PiB1/� N/A 22/27
Motion (FD) 0.116 0.09 0.186 0.09

MMSE ¼ Mini-Mental State Exam; C/NC ¼ Carrier/Noncarrier; PiB ¼ 11C-Pittsburgh Compound-B; EMN ¼
Episodic Memory Network; FTP ¼ 18F-Flortaucipir; DVR ¼ Distribution Volume Ratio; SUVR ¼ Standard
Uptake Value Ratio; YA ¼ Young Adults; OA ¼ Older Adults; FD ¼ framewise displacement.
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fMRI task
During the fMRI scan, participants performed a continuous recogni-
tion memory task on objects and scenes (Fig. 1A). This task is
described in detail in Berron et al. (2018). Participants were visually
presented with blocks of either four object or scene stimuli, in which
the first two stimuli in each block were novel, and the second two stim-
uli were either repeated (correct response: “old”; hit) or followed by a
highly similar “lure” (correct response: “new”; correct rejection). The
task was divided into two 13 min runs, each starting and ending with
10 “scrambled noise” images with a similar luminance and color to the
task stimuli. Participants were instructed to press the “new” button for
all noise images in the beginning and the “old” button at the end of the
task. These images served as the “perceptual” baseline condition for
subsequent fMRI analyses. Task stimuli were presented in an event-
related design using Neurobehavioral Systems (http://nbs.neurobs.
com). Stimuli were presented for 3 s separated by a white fixation star
using jittered interstimulus intervals ranging from 0.6s to 4.2 s.
Intervals between sequences were longer (mean of 2.43 s) to emphasize
the end of a sequence. There were 128 sequences consisting of four
stimuli with 32 first-repeat pairs and 32 first-lure pairs per (object/
scene) domain (256 trials total). Lure images were produced by chang-
ing local features of the objects (i.e., shape) and global features of the
rooms (i.e., geometry). Before scanning, participants were verbally
instructed and shown a standardized visual instruction with all infor-
mation regarding the task. After this, they had to learn the task within
a 2-min training run outside of the scanner. During this training ses-
sion, a standard vision screening procedure and a visual discrimination
test with comparable stimuli to those used in the experiment were

conducted to rule of potential confounding effects of deficits in visual
acuity. Vision was corrected using MR-compatible devices if necessary.
As a measure of behavioral performance, we calculated proportion cor-
rect for lures (correct rejection rate¼ 1 – false alarm rate) during object
and scene conditions. We used lure conditions since these measures
are most sensitive to AD pathology (Maass et al., 2019) and they did
not suffer from ceiling effects as some of the other behavioral measures
did (i.e., hit rates).

fMRI preprocessing
rsfMRI and task-based fMRI data were preprocessed identically, except
where noted, for consistency. Preprocessing was performed using
Statistical Parametric Mapping (SPM, version 12, Wellcome Trust
Centre for Neuroimaging, London, UK). Preprocessing steps included
slice time correction, realignment, coregistration to the T1 structural
image, and outlier volume detection. For distortion correction (for the
task data), we used the Fieldmap toolbox (v2.1) and the “Realign and
Unwarp” module in SPM12. First, a voxel displacement map (vdm) was
created using the Fieldmap toolbox by presubstraction of phase and
magnitude images. During that process, the anatomic T1 image was
co-registered to the first EPI. Next, the combined effects of static and
movement-related susceptibility-induced distortions were calculated and
corrected for using the “Realign and Unwarp” module. Outliers in the
average signal intensity and scan-to-scan motion were identified using
the Artifact Detection Toolbox (ART; http://www.nitrc.org/projects/
artifact_detect) using a conservative threshold of. 0.5 mm/TR and a
global signal intensity z score of 3 (Lemieux et al., 2007; Power et al.,
2014). These outlier volumes were flagged and included as spike

Figure 1. Visual representation of the fMRI task, regions comprising the episodic memory network (EMN), and the calculation of functional connectivity (FC) similarity. A, All participants performed
an object-scene mnemonic discrimination task during fMRI acquisition. The first two stimuli of each block were novel stimuli, whereas the second two stimuli were either identically repeated or highly sim-
ilar lure stimuli. Participants were instructed to respond “old” or “new” to each stimulus. B, Regions of interest in anterior-temporal (AT; red) and posterior-medial (PM; blue) that comprised the EMN.
These regions included amygdala, fusiform gyrus (FuG)/perirhinal cortex, inferior temporal gyrus (ITG), retrosplenial cortex (RSC), precuneus, and parahippocampal cortex (PHC). C, The correlation of FC
between rest and task states (i.e., FC similarity) was calculated by conducting a Pearson’s correlation between the rest and task ROI-to-ROI matrices for each participant.

Cassady et al. · AD Pathology Effects on Brain Reconfiguration J. Neurosci., September 20, 2023 • 43(38):6553–6563 • 6555

http://nbs.neurobs.com
http://nbs.neurobs.com
http://www.nitrc.org/projects/artifact_detect
http://www.nitrc.org/projects/artifact_detect


regressors during the denoising procedure (Lemieux et al., 2007; Power
et al., 2014) using the CONN toolbox (v18a; www.nitrc.org/projects/
conn). Additional denoising on the fMRI data were conducted in prepa-
ration for FC analyses using CONN. First, temporal and confounding
factors were regressed from each voxel BOLD timeseries and the result-
ing residual timeseries were filtered using temporal band or high-pass
filters to examine the frequency bands of interest and to exclude higher
frequency sources of noise such as heart rate and respiration. The
rsfMRI data were filtered using a temporal band filter of 0.008–0.09Hz,
whereas the task-based fMRI data were filtered using a temporal high-
pass filter of 0.008Hz. This filter was used for the task-based data to
avoid unnecessary smoothing over task boundaries. In addition, for
task-based data only we conducted a general linear model (GLM) regres-
sion of task events and used the residuals to compute FC. This additional
step limits the spurious inflation of FC estimates by task activations,
allowing us to conclude that state differences in FC were not because of
task-related global changes in neural activity (Cole et al., 2019). For addi-
tional noise reduction, we used the anatomic component-based noise
correction method, aCompCor (Behzadi et al., 2007). Residual head
movement parameters (three rotations, three translations, and six pa-
rameters representing their first-order temporal derivatives) and signals
from white matter (WM) and CSF, and spike regressors from motion
detection were regressed out during the computation of FCmaps.

fMRI first-level analysis
First-level ROI-to-ROI analysis was performed using the CONN tool-
box. As described in previous studies from our lab (Maass et al., 2019;
Cassady et al., 2021; Chen et al., 2021), we used 12 FreeSurfer ROIs that
included bilateral amygdala, fusiform gyrus (FuG)/perirhinal cortex, in-
ferior temporal gyrus, retrosplenial cortex (RSC), parahippocampal cor-
tex (PHC), and precuneus, which together formed our integrated EMN
(Fig. 1B). Semi-partial correlations were computed for these first-level
analyses to determine the unique variance of each (unilateral) seed, con-
trolling for the variance of all other seed regions that were entered into
the same model. For each participant, the BOLD time series within each
of the ROIs was extracted and the mean time series was computed.
Then, the cross-correlation of each ROI’s time course with every other
ROI’s time course was computed, creating a 12� 12 correlation matrix
for each participant. Correlation coefficients were converted to z-values
using Fisher’s r-to-z transformation (Zar, 1996), and the diagonal of
each matrix was removed. For this study, we collapsed our analyses of
task FC across all object and scene conditions to limit the number of sta-
tistical comparisons and to achieve the highest power. Thus, each partic-
ipant had one resting state FC matrix and one task-related FC matrix
that was averaged across all task conditions (including first, lure, and
repeat trials). We then determined the correlation of FC between rest
and task states (i.e., FC similarity) by conducting a Pearson’s correlation
between the rest and task ROI-to-ROI matrices for each participant
(Schultz and Cole, 2016; Hughes et al., 2020; Fig. 1C).

Reduced FC similarity in OAmay occur because the modular organi-
zation of their networks changes between rest and task states to a greater
extent than in younger adults. To test this follow-up hypothesis, we cal-
culated a graph measure of functional network organization, segregation,
specifically of object-specialized and scene-specialized components of
the EMN. We measured segregation during both rest and task states for
each participant. Network segregation was calculated as the difference in
mean within-network FC and mean between-network FC divided by
mean within-network FC:

Network segregation ¼
�Zw � �Zb

�Zw
;

where �Zw is the mean Fisher z-transformed correlation between ROIs
within the same subnetwork (e.g., AT) and �Zb is the mean Fisher
z-transformed correlation between ROIs of one network with all ROIs in
the other subnetwork (e.g., PM; Chan et al., 2014). Segregation was aver-
aged between AT and PM subnetworks as our final measures of segrega-
tion for each state and each participant.

PET
PET acquisition
OA participants underwent PET scanning at LBNL using a Biograph
PET/CT Truepoint 6 scanner (Siemens). CT scans were conducted for
attenuation correction before each emission acquisition and radiotracers
were synthesized at the LBNL Biomedical Isotope Facility. Pathologic
tau aggregation was measured using 18F-Flortacipir (FTP) with data
binned into 4� 5min frames from 80–100min postinjection (Maass et
al., 2017; Adams et al., 2019; Harrison et al., 2019). Ab was measured
using 11C-Pittsburgh Compound-B (PiB), with data acquired across 35
dynamic frames for 90min postinjection (4� 15, 8� 30, 9� 60, 2� 180,
10� 300, and 2� 600 s). All PET images were reconstructed using an
ordered subset expectation maximization algorithm, with attenuation
correction, scatter correction, and smoothing using a Gaussian kernel of
4 mm.

PET preprocessing
As mentioned above, 1.5T structural MRI data were preprocessed with
FreeSurfer (version 7.1.0) to acquire ROIs in participant native space.
Both FTP and PiB images were preprocessed using SPM12. FTP images
were first realigned, then averaged, and coregistered to each participant’s
1.5T structural scan. Standardized uptake value ratio (SUVR) values
were computed by averaging the mean tracer uptake over the 80- to 100-
min data and normalized by an inferior cerebellar gray reference region
(Baker et al., 2017a). The mean SUVR of each (FreeSurfer segmented)
ROI was extracted from the native space images. This data were then
partial volume corrected using a modified Geometric Transfer Matrix
approach (Rousset et al., 1998) as previously described (Baker et al.,
2017b). The weighted mean (by region size), partial volume corrected
FTP SUVR of all 12 EMN ROIs was used in subsequent analyses.

PiB images were realigned, averaged across frames from the first
20min of acquisition which was then used to derive the coregistration
matrix to move the individual PiB frames to each participant’s 1.5T
structural MRI image. DVR values were calculated for the PiB-PET
images using Logan graphical analysis over 35–90 min with a cerebellar
gray matter (GM) reference region (Logan et al., 1996). PiB DVR values
are typically calculated using a global measure because different cortical
regions across the brain are highly correlated. Thus, global PiB DVR val-
ues were calculated across multiple cortical ROIs as previously detailed
(Mormino et al., 2012), and a threshold of 1.065 DVR was used to clas-
sify participants into Ab1 and Ab� groups (Villeneuve et al., 2015).
One participant was missing PiB data and therefore excluded from all
PiB analyses.

Experimental design and statistical analyses
Statistical analyses were performed using R (http://www.R-project.org/)
and SPSS (SPSS Inc; version 27.0.1.0) software. Independent sample
t tests were used to examine age group differences in FC similarity.
Multiple regression models were used to examine the relationship
between FC similarity, network segregation, PiB and FTP, and task per-
formance. All statistical models were adjusted for age, sex, motion, GM
volume (in EMN ROIs), and for models including cognitive measures,
years of education. We used a two-tailed level of p, 0.05 for determin-
ing statistical significance.

Results
FC similarity is reduced with older age
Our first aim was to determine whether FC similarity (i.e., the
correlation between rest and task FC states in the EMN) was sig-
nificantly different between OA and YA. Figure 2A displays the
correlation matrices for each age group during each state (rest
and task). Replicating previous studies (i.e., Hughes et al., 2020),
OA exhibited lower FC similarity between rest and task states
compared with younger adults (t(69)¼ 6, p, 0.001, d¼ 1.5; Fig.
2B). GM volume did not affect this relationship when we
included it as a nuisance regressor in a partial correlation analysis
(r(68)¼ �0.61, p, 0.001).
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As a follow-up analysis to test which regions influenced these
age differences, we calculated FC similarity between rest versus
task using specific regional connections (e.g., amygdala to FuG,
amygdala to ITG, amygdala to RSC, etc.) as well the average FC
within AT and PM networks. Using t tests to test for age differ-
ences, we found significant age differences in FC similarity
within AT networks (t(69)¼ 4.8, p, 0.001, d¼ 1.2) and PM net-
works (t(69)¼ 3.2, p¼ 0.002, d¼ 0.83), in addition to specific
connections between precuneus and PHC (t(69)¼ 2.1, p¼ 0.037,
d¼ 0.55). That is, YA showed a higher correlation between rest
and task FC specifically within these ROIs/networks compared
with OA.

Reduced FC similarity in OA may occur because the modular
organization of their networks changes between rest and task
states to a greater extent than in younger adults. To test this, we
calculated network segregation during both rest and task states
for each participant. We then performed a mixed measures
ANOVA using “FC state” (i.e., rest or task segregation) as a
within-subject factor and age group as a between-subject factor.
We observed a significant main effect of FC state such that both
age groups exhibited higher segregation during rest compared
with task states (F(1,69)¼ 31.5, p, 0.001, hp2¼ 0.48). We also
observed a main effect of age group such that YA exhibited
higher segregation during both rest and task states compared

Figure 2. Functional connectivity (FC) similarity is reduced in older compared with younger adults and the segregation of older adults’ episodic memory networks changes between rest and task
states to a greater degree in older than in younger adults. A, Region of interest (ROI) i.e., ROI-to-ROI correlation matrices for each age group during each state (rest and task). B, Independent sam-
ples t test indicated that older adults (green) have lower FC similarity compared with younger adults (purple). C, Repeated measures ANOVA showed a main effect of FC state such that both age
groups exhibited higher segregation during rest (gray) compared with task (white) states. They also showed a main effect of age group such that younger adults exhibited higher segregation during
both rest and task states compared with older adults. D, Older adults showed a greater difference in rest versus task segregation compared with younger adults. On each box, the central mark indi-
cates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers.
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with OA (F(1,69)¼ 27.4, p, 0.001, hp2¼ 0.28; Fig. 2C). The
interaction between FC state and age group was not significant,
although it was in the expected direction (F(1,69)¼ 2, p¼ 0.16,
hp2¼ 0.031) where the FC segregation decrease from rest to
task state appeared to be larger in OA than YA.

To test whether the relative difference between rest and task seg-
regation was greater in OA compared with YA using a novel nor-
malized difference metric, we measured the absolute value of the
difference between rest and task segregation divided by rest segrega-
tion. We then performed an independent sample t test between the
two age groups. As expected, OA exhibited a significantly greater
difference in rest versus task segregation compared with YA
(t(69)¼ 2.3, p¼ 0.025, d¼ 0.59; Fig. 2D). This indicates that age-
related dedifferentiation of AT/PM networks during rest becomes
even more exacerbated during this recognition memory task.

Higher levels of tau pathology predict lower FC similarity
Our second aim was to examine the relationship between AD
pathology (Ab and tau) and FC similarity. To assess these rela-
tionships, we performed multiple regression models including
age, sex, PiB-status and EMN FTP on FC similarity. Neither
PiB-status (B¼ 0.04, p¼ 0.15, r2¼ 0.071) nor global PiB (B ¼
�0.06, p¼ 0.16, r2¼ 0.071) were associated with FC similarity.
However, higher levels of FTP in the EMN predicted lower FC
similarity. Intriguingly, this relationship was observed across
all OA [including both PiB� and PiB1 groups (B ¼ �0.17,
p¼ 0.037, r2¼ 0.12; Fig. 3A)] as well as in the PiB1 group
alone (B ¼ �0.18, p¼ 0.019, r2¼ 0.34; Fig. 3B). However, there
was not a significant relationship in the PiB� group alone (B ¼
�0.17, p¼ 0.38, r2¼ 0.066; Fig. 3C). There was no interaction
between PiB-status (or global PiB) and EMN FTP on FC simi-
larity (ps. 0.36). Table 2 reports the results of these regres-
sions. These findings indicate that AD pathology is linked to a

less consistent functional architecture of the EMN during rest
compared with task states.

Higher FC similarity is associated with better performance
during object, but not scene, trials
Our third aim was to explore the relationship between FC simi-
larity and task performance. Specifically, we used proportion cor-
rect (i.e., correct rejection) during object and scene lure trials as
our measures of task performance. To assess these relationships
between FC similarity with performance, we conducted multiple
regression models including age, sex, education, and FC similar-
ity predicting to proportion correct on object and scene lure tri-
als separately. We found that higher FC similarity was related to
a higher proportion correct during object lure trials. This was
observed across all subjects [including OA and YA (B¼ 0.64,
p¼ 0.02, r2¼ 0.27; Fig. 4A)] as well as OA alone (B¼ 0.77,
p¼ 0.037, r2¼ 0.22; Fig. 4B). However, there was not a signifi-
cant relationship between FC similarity and performance in YA
alone (B ¼ �0.01, p¼ 0.99, r2¼ 0.18; Fig. 4C). FC similarity was
not associated with performance during scene lure trials in any
group (all ps. 0.53; Figs. 4D–F). Tables 3 and 4 report the
results of these regressions. Neither PiB nor EMN FTP were
associated with performance, all ps. 0.31.

Control analysis
As a control analysis, we tested whether the relationships
between FC similarity with age, AD pathology and task perform-
ance were specific to the EMN or showed a more global (i.e.,
whole brain) effect. To that end, we performed the same process-
ing and analysis procedures as described above except we calcu-
lated FC similarity using a whole-brain (FreeSurfer) 264-ROI
parcellation scheme based on the Brainnetome atlas (Fan et al.,
2016) and categorized into seven canonical networks based on
the Yeo parcellation scheme (Thomas Yeo et al., 2011). As
described above, we calculated the correlation of FC between rest
and task states (i.e., FC similarity) by conducting a bivariate
Pearson’s correlation between the rest and task ROI-to-ROI mat-
rices for each participant.

We first tested whether there were significant age group dif-
ferences in whole-brain FC similarity by performing an inde-
pendent sample t test. Figure 5A displays the correlation
matrices for each age group during each state (rest and task). We
found that OA exhibited lower FC similarity between rest and
task states compared with younger adults (t(69)¼ 7.7, p, 0.001,
d¼ 1.4; Fig. 5B). As a follow-up analysis to test which networks

Table 2. Multiple regression results for EMN FTP SUVR predicting FC similarity

All OA PiB1 OA PiB� OA

Predictor B p B p B p

Age �0.003 0.14 �0.003 0.29 �0.003 0.29
Sex �0.009 0.66 0.019 0.39 �0.065 0.14
PiB-status 0.026 0.27 N/A N/A N/A N/A
Motion �0.3 0.11 �0.087 0.51 �0.79 0.05
EMN FTP SUVR �0.18 0.041 �0.17 0.015 �0.39 0.11
GM volume �7.90E-07 0.51 �1.29E-06 0.37 �6.42E-07 0.74

PiB = 11C-Pittsburgh Compound-B; EMN = episodic memory network; GM = gray matter; FTP = 18F-
Flortaucipir; DVR = Distribution Volume Ratio; SUVR = Standard Uptake Value Ratio.

Figure 3. Higher levels of tau pathology in episodic memory network regions predict lower functional connectivity (FC) similarity. Multiple regression analyses indicated that higher levels of
tau in the episodic memory network (EMN) regions are associated with lower FC similarity across (A) all older adults and (B) in PiB1 older adults only, but (C) not in PiB� older adults only.
Blue data points reflect PiB� older adults, whereas red data points reflect PiB1 older adults. PiB = 11C-Pittsburgh Compound-B.
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influenced these age differences, we calculated FC similarity
between rest versus task in all seven canonical networks. Using
t tests to test for age differences, we found significant age differ-
ences in FC in all networks except for the dorsal attention net-
work. That is, YA showed a higher correlation between rest and
task FC specifically within these networks compared with OA.

We also calculated global measures of segregation during
both rest and task states for each participant and performed
a mixed measures ANOVA using “FC state” (i.e., rest or task
segregation) as a within-subject factor and age group as a
between-subject factor. Similar to the local EMN segregation
results, we observed a main effect of age group such that YA
exhibited higher segregation during both rest and task states
compared with OA (F(1,69)¼ 34, p, 0.001, hp2¼ 0.33). In
contrast to the local EMN segregation results, we observed a
main effect of FC state such that both age groups showed
higher segregation during task compared with rest states
(F(1,69)¼ 25.7, p, 0.001, hp2¼ 0.27). The interaction between
FC state and age group was significant, although in the oppo-
site direction from the EMN results (F(1,69)¼ 6.1, p¼ 0.02,
hp2¼ 0.082); in this case, the FC segregation decrease from
task to rest state was larger in YA compared with OA (Fig.
5F,G).

We next examined the relationship between whole-brain
FC similarity and AD pathology. We did not observe any
significant associations between FC similarity with either
PiB-status (or global PiB; all ps. 0.67) or EMN FTP
(B¼ 0.008, p¼ 0.84, r2¼ 0.073; Fig. 5C). Finally, we tested
whether whole-brain FC similarity was associated with task
performance. We did not observe any significant associa-
tions between FC similarity and task performance during
either object (B ¼ �0.02, p¼ 0.97, r2¼ 0.21; Fig. 5D) or
scene lure trials (B ¼ �0.35, p¼ 0.67, r2¼ 0.2; Fig. 5E).
These results indicate that although the effects of age on FC
similarity may represent a more global (brain-wide) phe-
nomenon, the link between FC similarity with AD pathol-
ogy, and object-related memory ability may reflect more
local effects confined to the EMN.

Table 4. Multiple regression results for FC similarity predicting proportion cor-
rect during scene lures

All subjects OA YA

Predictor B p B p B p

Age �0.004 0.008 �0.008 0.27 �0.012 0.43
Sex 0.005 0.92 0.04 0.56 �0.05 0.69
Education 0.006 0.65 0.008 0.55 0 0.98
Motion �0.17 0.5 0.014 0.98 �0.62 0.35
FC similarity 0.12 0.74 0.26 0.52 �0.7 0.55
GM volume �2.10E-06 0.43 �3.50E-06 0.3 2.30E-06 0.69

FC = functional connectivity; GM = gray matter.

Figure 4. Higher functional connectivity (FC) similarity is associated with better task performance during object, but not scene trials. Multiple regression analyses showed that higher FC sim-
ilarity was associated with a higher proportion correct during object lure trials (A) across all subjects and (B) in the older adult group alone, but (C) not in the younger adult group alone. FC
similarity was not associated with performance during scene lure trials. This was the case (D) across all subjects, (E) in the older adult group alone, and (F) in the younger adult group alone.
Blue data points reflect PiB� older adults whereas red data points reflect PiB1 older adults. Purple data points reflect young adults.

Table 3. Multiple regression results for FC similarity predicting proportion cor-
rect during object lures

All subjects OA YA

Predictor B p B p B p

Age �0.003 0.027 �0.01 0.11 �0.021 0.03
Sex 0.035 0.41 0.08 0.11 �0.018 0.75
Education 0.007 0.5 0.01 0.46 0.007 0.6
Motion �0.06 0.81 0.33 0.45 �1.02 0.03
FC similarity 0.62 0.029 0.84 0.021 �1.1 0.15
GM volume �2.78E-06 0.2 �3.96E-06 0.12 �1.41E-07 0.97

FC = functional connectivity; GM = gray matter.
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Figure 5. Control analyses using a whole-brain Brainnetome parcellation scheme partitioned into Yeo’s seven canonical networks. A, Region of interest (ROI-to-ROI) correlation matrices for
each age group during each state (rest and task). B, Independent samples t test indicated that older adults have lower global functional connectivity (FC) similarity compared with younger
adults. C, Multiple regression analyses showed that FTP SUVR levels in EMN regions were not associated with global FC similarity. Multiple regression analyses showed that FC similarity was not asso-
ciated with task performance, either during (D) object or (E) scene lure trials. F, Repeated measures ANOVA showed a main effect of FC state such that both age groups exhibited higher segregation
during task (white) compared with rest (gray) states. They also showed a main effect of age group such that younger adults exhibited higher segregation during both rest and task states compared
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Discussion
The main goal of this study was to investigate the effects of age
and AD pathology on task-related reconfiguration of the networks
supporting episodic memory. We also tested whether FC differen-
ces between rest and task states were related to task performance.
OA showed reduced FC similarity between rest and task states
compared with YA. An explanation for this effect is that OA’s less
segregated networks during resting state were further dedifferenti-
ated during the task. Higher levels of tau in the EMN regions were
associated with lower FC similarity in OA. This effect was driven
by Ab1 OA, linking AD pathology to a weaker functional archi-
tecture of these memory-related networks. Higher FC similarity
was associated with better task performance during object, but not
scene, trials in OA indicating greater associations between EMN
network configuration and object trials. Consistent with the recon-
figuration hypothesis, these results suggest that smaller changes
in FC organization between rest and task states in the EMN
may facilitate better performance in older age.

FC similarity declines with age
We found that age was associated with changes in the stability of
functional network architecture during rest versus task states.
This finding is consistent with previous studies showing age dif-
ferences in FC organization between rest and task states during
sensorimotor (Monteiro et al., 2019) and reasoning judgment
(Hughes et al., 2020) tasks. Whereas these previous studies
explored the whole-brain organization of canonical resting state
networks, we demonstrated robust age effects in the EMN, a net-
work vulnerable to AD pathology and episodic memory decline.
A loss of episodic memory is one of the hallmarks of age-related
cognitive decline and is an early symptom of AD (Hedden and
Gabrieli, 2004). By studying this episodic memory system in
healthy OA and its association with AD pathology, we can
advance our understanding of healthy aging and the progression
from healthy to pathologic aging, which could serve as a crucial
building block for the early detection of AD.

In addition to showing age differences in FC similarity in the
EMN, we also demonstrated a potential explanation for this effect.
OA showed a significantly greater difference between rest and task
segregation in the EMN compared with YA. Thus, a lower correla-
tion between rest and task states in older compared with YA may
arise because the organization of OA’s EMN networks changes
between states to a greater degree. This pattern of less segregation
between networks in response to a task is consistent with previous
studies in YA (Cohen and D’Esposito, 2016; Shine et al., 2016).
However, the present finding that OA showed a significantly
greater difference in rest versus task segregation in EMN com-
pared with YA raises the possibility that aging disproportionately
affects FC in the EMN in one state (task) compared with the other
(rest). This likely disrupts how brain networks interact in a way
that is detrimental for cognition.

AD pathology relates to FC similarity
We found that higher levels of tau in EMN regions were associ-
ated with reduced FC similarity in OA. This relationship was

driven by OA with higher levels of Ab , linking AD pathology to
a less stable network architecture during rest versus task states.
Although much previous work has linked Ab and tau pathology
with intrinsic network connectivity (Adams et al., 2019; Berron
et al., 2020; Cassady et al., 2021), no studies, to our knowledge,
have investigated the relationship between these pathologies with
the dynamic changes in FC during different cognitive states. This
is important because state-dependent changes to functional con-
nections play a crucial role in dynamically reshaping brain net-
work organization. In the aggregate, these findings suggest that
as tau pathology accumulates through the brain along neural
connections it interferes with network function both during rest
and task states.

FC similarity is associated with task performance
We found that higher FC similarity was associated with better
performance during object trials. This is in line with previous
studies that have demonstrated a positive correlation between
FC similarity and cognitive performance in YA (Schultz and
Cole, 2016). Consistent with the neural efficiency hypothesis,
these findings suggest that smaller changes in FC organization
between different task states may facilitate better performance in
older age. Previous work supports the possibility that better per-
formance is related to efficient neural processing. For instance,
individuals with higher intelligence scores show less metabolic
brain activity during task performance (Haier et al., 1988). We
expand on these results in the current study by showing that FC
reconfiguration between rest and (memory) task states is related
to performance. This suggests that the neural efficiency hypothesis
applies to both task-evoked BOLD responses and to the efficiency
by which FC patterns reconfigure to different task demands.

FC alterations were specifically related to older adults’ perform-
ance during object, but not scene, trials. This suggests that age-
related memory impairments that are disproportionate across
information domains may be related to less efficient network
reconfigurations. Our results are consistent with previous studies
demonstrating a greater loss of object compared with spatial mne-
monic discrimination in cognitively normal OA (Reagh et al.,
2016; Berron et al., 2018). Previous studies have demonstrated
selective targeting of early age-related and Alzheimer’s related neu-
rodegeneration to specific regions of the brain. In particular, the
perirhinal and lateral entorhinal cortices, key regions in the EMN
thought to process object/item information, are among the earliest
functional and anatomic targets of tau pathology (Burke et al.,
2011; Yassa, 2014). These brain regions are also the earliest to show
pathologic tau accumulation. The current findings indicate that
dysfunction in these brain regions is in fact related to tau, specifi-
cally potentiated by Ab . This suggests that loss of FC similarity
may reflect the early evolution of AD.

Control analysis
Although we observed significant age differences in FC similarity
using a whole brain parcellation scheme, the pattern of findings
for global segregation were somewhat different from that of local
EMN segregation. YA showed higher segregation during both
rest and task states compared with OA, but task segregation was
higher than rest segregation for both age groups. In addition, we
observed a greater difference between rest versus task segregation
in YA compared with OA. Thus, the finding of less segregation
between (EMN) networks in response to an (EMN) task com-
pared with rest appear to be specific to the networks involved in
the task.

/

with older adults. G, Younger adults showed a greater difference in rest versus task segregation
compared with older adults. On each box, the central mark indicates the median, and the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers. FTP = 18F-Flortaucipir;
SUVR = Standard Uptake Value Ratio; EMN = episodic memory network.
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Importantly, we did not observe any significant associations
between FC similarity with either AD pathology or task perform-
ance in this whole brain analysis. This suggests that whereas the
effects of age on FC similarity may represent a more global phe-
nomenon, the link between FC similarity with AD pathology
and object-related memory ability may reflect more local effects
confined to this memory network. More broadly, they suggest
that FC reconfiguration efficiency is not a global phenomenon,
but rather reflects the efficiency of functional networks that are
particularly important for a given task with privileged influences
on performance of that task.

Limitations
An important limitation of this study is that our measure of FC
similarity depends on the comparison of two BOLD scans (i.e.,
rest vs task) that were collected using different parameters and
durations. These methodological differences will likely have dif-
ferent susceptibilities to distortion. Because of both issues, OA
will likely have greater distortion compared with younger adults.
However, it is important to point out that, although the acquisi-
tion parameters between rest and task scans were different, these
differences were identical for both age groups. In terms of age
differences in atrophy and motion, we found that neither EMN
GM volume nor motion (ps. 0.05; see Table 2-Table 4) affected
the relationships between FC similarity with age, pathology, or
behavior when we included them in our regressions. This suggests
that distortion differences between the two scans does not have a
major effect on these findings.

Another limitation is the different correlational methods used
during first-level analysis for local (EMN) versus global effects.
Semi-partial correlations were used to assess regional EMN FC
because we wanted to determine the unique variance of each uni-
lateral seed, while controlling for the variance of all other seed
regions entered in the same model. In contrast, we used bivariate
correlations for calculating global FC because there were too
many ROIs (264) to use semi-partial correlations. We observed
the same age differences in FC similarity using bivariate correla-
tions instead of semi-partial correlations (t¼ 4.4, p, 0.001).
However, we did not observe the same relationships between FC
similarity with pathology or behavior (ps. 0.05), suggesting that
these control results may be driven by the methodological
approach rather than by a global versus local distinction.

In conclusion, taken together, the findings from this study link
AD pathology to disruption of the functional architecture of a vul-
nerable episodic memory brain network during rest and (mem-
ory) task states in OA. They also suggest that memory decline in
some OA may be influenced by the extent of change in the func-
tional architectures between rest and task demands. Overall,
dynamic FC changes from rest to task may be a novel mechanism
by which aging and AD pathology impacts cognition.
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